Clinical therapy with T cells shows promise for cancer patients, but is currently challenged by incomplete responses and tumor relapse. The exact mechanisms that contribute to tumor relapse remain largely unclear. Here, we treated mouse melanomas with T cell receptor-engineered T cells directed against a human peptide-major histocompatibility complex antigen in immune-competent mice. T cells resulted in significant tumor regression, which was followed by relapse in about 80-90% of mice. Molecular analysis revealed that relapsed tumors harbored nonmutated antigen genes, not silenced by promoter methylation, and functionally expressed surface antigen at levels equal to nontreated tumors. Relapsed tumors resisted a second in vivo T cell treatment, but regained sensitivity to T cell treatment upon retransplantation in mice. Notably, relapsed tumors demonstrated decreased levels of CD8 T cells and monocytes, which were substantiated by downregulated expression of chemoattractants and adhesion molecules. These observations were confirmed when using T cells specific for a less immunogenic, endogenous mouse melanoma antigen. We conclude that tumors, when exposed to T cell treatment, can relapse without loss of antigen and develop a milieu that evades recruitment of effector CD8 T cells. Our findings support the concept to target the tumor milieu to aid T cell therapy in limiting tumor relapse
INTRODUCTION
Adoptive therapy with tumor-infiltrating T cells (TIL) shows significant and long lasting clinical responses in melanoma patients. 1, 2 In an effort to make T cell therapy a more universally applicable and controlled treatment, T cells have been engineered to express tumor-specific T cell receptors (TCR) directed against antigens such as MART-I, gp100, CEA, NY-ESO-1, or MAGE-A3 and clinical responses have been observed in patients with metastatic melanoma, colorectal, and synovial carcinoma. 3 Clinical responses with TCR-engineered T cells, although variable and based on relatively small numbers of patients, are promising but challenged by toxicity and, despite effective initial regression, a transient nature of the antitumor response.
Further development of TCR gene therapy depends on choice of target antigen, optimization of the TCR transgene, and procedures to yield fit T cells. 3, 4 Equally important to the development of TCR gene therapy is to advance our understanding of the underlying cause of incomplete responses and tumor relapse. In the present study, we questioned whether loss of antigen is a requirement for tumors to relapse, and investigated other immune-evasive strategies that relapsed tumors may have developed. Currently, reports on antigen loss in tumor relapse are inconclusive and under debate. Clinical studies have suggested selective loss of MART-I expression in relapsed and residual tumors after infusion of MART-I-specific T cells. 5, 6 In addition, in nonmanipulated hosts, decreased antigen expression and immune evasion of tumors may be a consequence of molecular alterations in tumor cells, such as genetic and epigenetic alterations in antigen genes, major histocompatibility complex (MHC) genes and genes related to antigen processing and presentation. 7, 8 Specifically, in melanoma patients, selective loss of antigen or HLA-A2 expression in primary and metastatic lesions has been described in numerous reports. 9, 10 In contrast, preclinical models have recently suggested that relapsed tumors retained expression of both antigen and MHC. [11] [12] [13] Here, we treated mouse melanomas with TCR-engineered T cells in two immune-competent mouse models. In a first model, T cells targeted a human gp100/HLA-A2 (gp100/A2) antigen that was expressed by melanoma transplanted onto HLA-A2 tg mice, and regressed and relapsed tumor variants are evaluated. Maximal T cell pressure did not prevent tumor relapse in the majority of mice. Extensive molecular analysis of the gp100/A2 target antigen demonstrated that relapsed tumors contained intact and nonmutated antigen DNA and functionally expressed antigen at levels equal to progressed tumors. Relapsed tumors resisted a second
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Figure 1 T cell receptor (TCR) T cells result predominantly in transient tumor regression, and in generation of antigen-specific memory T cells in case of durable regression.
(a) Tumor curative model: HLA-A2 tg mice were subcutaneously (s.c.) transplanted with 0.5 × 10 6 B16:A2-YLEP cells at day 0. Ten days later, mice were conditioned with a total of four intraperitoneal (i.p.) Bu injections, twice daily on 2 consecutive days, followed by a single i.p. Cy injection. At day 13, 20 × 10 6 TCR T cells that bind gp100/A2 pMHC or mock T cells were injected (number of mock T cells equal to number of TCR T cells). (b) Tumor sizes were measured three times a week with a caliper. Data are expressed as mean mm 3 ± SEM; % of mice with tumor relapse is indicated in parenthesis. (c) Peripheral blood was collected from mice at the indicated time points and absolute numbers of gp100/ A2 pMHC-binding CD8 T cells were determined by flow cytometry. Data are presented as mean numbers per μl blood ± SEM. (d) Splenocytes were isolated from tumor-bearing and tumor-free mice following transfer of TCR T cells and from mice without tumor and not receiving T cell treatment, and cultured in vitro in the presence or absence of gp100 peptide and analyzed for gp100/A2 pMHC binding and IFN-γ production. Representative dot plots showing data from 1 of 4 mice are shown and the % of cells in each quadrant is indicated. Statistical significances were calculated with Student's t-tests: *P < 0.05, **P < 0.005.
Conditioning i.p. 16.5 μg/kg Bu (4x) IL-2 support s.c. Day  0  10  11  12  13  14  15  16  17  18   Bu Bu  Cy  IL-2  IL-2  IL-2  IL-2  IL- in vivo T cell treatment and, interestingly, regained therapy sensitivity upon retransplantation in mice. Further analysis revealed decreased levels of CD8 T cells and monocytes in relapsed tumors, which was substantiated by downregulated expression of chemoattractants and adhesion molecules. In a second model, T cells targeted an endogenous mouse TRP2 antigen and, also in a less immunogenic setting, tumors relapsed despite continued antigen expression and harbored decreased levels of adoptively transferred CD8 T cells.
Bu Bu
RESULTS
TCR T cells mediate highly effective, yet mostly transient regression of established tumors, and induce the generation of memory T cells in cured mice
We set out to maximize T cell therapy directed against a human antigen in an immune competent setting according to three lines. First, T cells were derived from HLA-A2 tg mice and transduced with gp100/A2-specific TCR-α and -β chains that were codon optimized, separated by T2A ribosome skipping sequence and cloned into pMP71 vector (TCR T cells, see Supplementary Text and Supplementary Figure S1a,c). Second, we generated a mouse melanoma B16 cell clone, obtained from a single cell, that stably expressed HLA-A2 genetically linked to human gp100 peptide (YLEPGPVTA) (B16:A2-YLEP; Supplementary Figure S1b-d) . Third, mice were conditioned prior to T cell treatment with combined injections of busulfan and cyclophosphamide (Bu/Cy), which reduced absolute numbers of lymphocytes (Supplementary Figure S2) . We observed that using these conditions in a preventive setting, adoptive T cell therapy did not allow tumors to grow in up to 70% of mice and promoted survival in a T cell dose-dependent manner (Supplementary Figures S3 and S4a) . Numbers of gp100/A2 pMHC-binding CD8 T cells in peripheral blood were detected with flow cytometry up to 3 weeks after T cell transfer (Supplementary Figure S3c) , and gp100/A2-specific effector memory T cells were detected in spleens of tumor-free mice following tumor cell rechallenge (Supplementary Figure S3d ). When testing adoptive T cell therapy in a curative setting (average size of established tumors: 300 mm 3 ) (Figure 1a ), we observed that mice receiving TCR but not mock T cells tumors rapidly regressed to volumes that were either not detectable or < 15 mm 3 (Figure 1b) . In 10-20% of mice, tumors remained absent, whereas in the majority of mice tumors relapsed by day 30-35 post-T cell transfer. TCR T cell treatment did not result in a significant increase in survival (Supplementary Figure S4b) , which was related to treatment-related weight loss in 40-50% of mice and which can be alleviated by decreasing the Bu/Cy dosing (Straetemans et al., unpublished data). Numbers of peripheral gp100/A2 pMHC-binding CD8 T cells were most pronounced between days 4 and 11 after T cell transfer (Figure 1c) . In analogy to a preventive setting, frequencies of TCR T cells decreased 2-3 weeks after T cell transfer below the detection level of flow cytometry (Figure 1c) . Again, memory T cells were detectable in mice that remained tumor-free > 75 days following T cell transfer, as evidenced by detectable gp100/A2 pMHC-binding and interferon (IFN)-γ production by splenocytes upon stimulation with B16:A2-YLEP cells (Figure 1d ).
Relapsed tumors functionally express antigen but do not respond to a second T cell treatment
To investigate antigen expression in relapsed tumors, we studied the following parameters. First, we completely sequenced A2-YLEP DNAs from these tumors and demonstrated no gene mutations in HLA-A2 or gp100 peptide sequences. Second, we assessed the methylation status of the retroviral promoter and observed that this was not different between relapsed and progressed tumors (Figure 2a ). Third, we measured antigen expression and found that relapsed tumors express A2-YLEP mRNA at levels comparable to B16:A2-YLEP tumor cells in vitro (Figure 2b) and, when cultured ex vivo, show surface expression of antigen protein (Figure 2c ). Treatment of these tumor cells with azacitidine (AZA), a demethylating agent, did not further upregulate expression of antigen protein, whereas IFN-γ treatment and extended culture periods did upregulate expression of antigen protein. Furthermore, relapsed tumors show equal levels of surface expressed antigen when compared to progressed tumors (Figure 3a,b) . In contrast to these two types of tumors (20-30% HLA-A2), regressed tumors revealed significantly upregulated expression of antigen (95% HLA-A2, Figure 3b ). In addition to percentage of cells, surface-expression of antigen per cell was also significantly increased in regressed tumors A second treatment with mock T cells and no second treatment were included as controls. (e) Relapsed tumors from mice were isolated, cultured for 4 days, stored frozen (to allow synchronization of multiple samples), and retransplanted upon thawing (0.5 × 10 6 viable cells) in naïve HLA-A2 tg mice (retransplanted tumors, n = 5). When tumors re-established, recipient mice were subjected to treatment with TCR T cells as described in legend to Figure 3a . HLA-A2 tg mice bearing established tumors from B16:A2-YLEP clone were used as controls (transplanted tumors, n = 4). Tumor sizes in Figure 3d ,e were measured and expressed as described in legend to Figure 1b . (mean fluorescent intensity). Finally, we studied if antigen expression could trigger a T cell response and showed that both relapsed and progressed tumors were equally able to induce the production of high levels of IFN-γ by TCR T cells ex vivo (20-30 ng/ml IFN-γ) (Figure 3c) , whereas regressed tumors induced the production of significantly lower levels of IFN-γ (5 ng/ml, Figure 3c ). In addition, cells derived from relapsed tumors are sensitive to TCR T cellmediated cytotoxicity (Supplementary Figure S5) . Given these observations, we subjected mice with a relapsed tumor to a second T cell treatment. A second cycle of conditioning and T cell transfer delayed tumor growth, which was, however, independent of the TCR transgene (Figure 3d) . After a second treatment with TCR T cells, relapsed and progressed tumors again expressed equal levels of antigen (Supplementary Figure S6a ) and were equally potent in inducing T cell IFN-γ production (Supplementary Figure S6b) . More so, in tumor-bearing mice that experienced effective and curative T cell responses, we were unable to detect T cell reactivity to B16 antigens other than gp100/A2 (Supplementary Figure S7) .
To further confirm the nonedited antigen status of relapsed tumor cells, and rule out a potential "resistant tumor cell phenotype", we injected short-term cultures of relapsed tumor cells, almost exclusively consisting of B16 cells, into naive mice and subjected re-established tumors to T cell treatment. Following retransplantation, we observed that therapy-resistant tumors regained sensitivity to treatment with TCR T cells (Figure 3e ). Antigen-negative tumor cells in relapsed tumors originate from pre-treatment variants and have neither lost nor altered antigen DNA To introduce heterogeneity with respect to antigen expression, and allow the tracing of antigen-negative tumor cells, we treated tumors derived from B16:A2-YLEP cell lines rather than clones. Tumors that were derived from a cell line relapsed to the same extent and with the same kinetics when compared with tumors that were derived from a clone (Supplementary Figure S8) . The former tumors were analyzed for the presence and quantities of antigen protein, mRNA and DNA. Quantitative analyses of the A2-YLEP antigen revealed a significantly lowered level of protein expression in relapsed tumors (Supplementary Figure S9d) and reduced levels or in some cases even absence of A2-YLEPspecific mRNA and DNA (Supplementary Figure S9e,f) . These data extended our findings in a preventive setting showing absent A2-YLEP DNA, mRNA and protein with high T cell doses (Supplementary Figure S9a-c) . To understand the decrease of A2-YLEP DNA levels, we polymerase chain reaction (PCR)amplified and sequenced retrovirally integrated A2:YLEP genes. DNA sequences in six out of nine relapsed tumors, but none of the tumors following treatment with mock T cells, revealed the presence of HLA-A2 without the gp100 peptide sequence (A2 DNA, Supplementary Figure S10, upper part, (b) band) ). The A2 DNA Figure 3a were collected and analyzed for the expression of molecules involved in immune cell recruitment. RNA isolation, processing and data analysis are described in Supplementary Text. Analyses were restricted to chemoattractants, ligands for leukocyte rolling and ligands for leukocyte adhesion. Expression of genes in either regressed or relapsed tumors (white and black bars, respectively) is presented as fold change in relation to progressed tumors. Calculations were based on mean values, n = 3, per tumor type. Statistical significances for all three types of molecules were calculated with Sign tests. sequences in all six samples were identical and showed no mutations other than the omission of peptide and linker sequences. Quantitative PCR reagents that specifically distinguished A2 with and without gp100 peptide (Supplementary Figure S10 , lower part) revealed that levels of A2 and A2-YLEP DNA are inversely related (Figure 4) . Also, antigen-negative DNA was not observed in relapsed tumors that were originally derived from a B16:A2-YLEP clone (Figures 4 and Supplementary Figure S10) .
The above data show that A2 tumor cells, which were present in pretreated tumors and had already lost or changed their antigen DNA, became exposed as a consequence of T cell selection against antigen-positive tumor cells.
Relapse of antigen-positive tumors is related to decreased levels of tumor-specific T cells and monocytes
To study the involvement of the tumor micro-milieu in the occurrence of tumor relapse, we performed genome-wide expression arrays on tumor-derived RNA. Interestingly, the top-20 genes that were most differentially up-regulated in relapsed versus regressed tumors (out of a total of 24,000 genes) were related to gene expression, whereas those that were most differentially downregulated were mostly related to immunity (Supplementary Figure S11) . When analyzing genes that mark immune cells, we observed that markers related to CD8 T cells and monocytes showed a decreased expression (Figure 5a) , whereas those related to B cells (Ig molecules, CD19), natural killer cells (CD160, Ly108/CD352), dendritic cells (CD11c, Ly75/CD205), granulocytes (CD66a, d), T regulatory cells (CD25, CD127), and myeloid-derived suppressor Cells (CD11b, Ly6G5 and 6) showed a nonchanged expression in relapsed tumors. Moreover, the frequency of pMHC-binding TILs and their ability to recognize antigen-positive tumor cells is decreased in relapsed tumors (Figure 5b) . The mRNA expression of molecules that contribute to the recruitment of blood T cells and monocytes, such as CCL and CXCL chemokines, and ligands for T cell integrins, 14 was also decreased in relapsed tumors (Figure 6) . The expression of vascular ligands for selectins appeared not differentially regulated at the mRNA level, whereas the mRNA expression of adhesion molecules reported to contribute to immune cell-adhesion and trafficking, such as certain galectins, annexins, and tetraspanins, [15] [16] [17] was dramatically decreased in relapsed tumors (Figure 6 ).
T cell treatment directed against a native antigen also results in relapsed tumors with continued expression of antigen and decreased frequencies of CD8 T cells
To address whether our observations are dependent on the immunogenicity of the target antigen, we have targeted the mouse TRP2 antigen that is naturally expressed by B16 melanoma cells (see Figure S12d) , and that numbers of peripheral TCR T cells were low but detectable for up to 2 weeks after T cell transfer (Supplementary Figure S12e) . In this less immunogenic model, tumor regression was always followed by tumor relapse, and flow cytometry measurements showed that the majority if not all relapsed tumor cells are positive for TRP2 and H2-K b proteins (Figure 7a,b) . In addition, relapsed tumor cells were clearly able to induce production of IFN-γ by TCR T cells (Figure 7c) . When investigating the number of TILs, we observed that relapsed tumors harbor a significantly decreased number of total CD8 T cells as well as TRP2/ H2-K b TCR, CD8 T cells (Figure 7d,e ).
DISCUSSION
In this study, we tested TCR gene therapy in immune-competent mice directed against human gp100/A2 and mouse TRP2/H2-Kb and questioned whether loss of target antigen expression contributes to the occurrence of tumor relapse. TCR-engineered T cells resulted in regression of established tumors, but not in prevention of tumor relapse. Even in case of highly avid gp100/A2 T cells, the majority of established tumors reappeared after initial regression. These observations extend data from animal models reporting on tumor recurrence despite the presence of high T cell pressure 18 and clinical trials with metastatic melanoma patients, where tumors relapsed after initial responses to vaccination 10 or adoptive T cell therapy. 2, 5, 6 Our findings provide evidence that tumors relapse following T cell therapy despite continued antigen expression. We could not detect gene mutations, and our results argue against involvement of epigenetic mechanisms that could have regulated antigen expression in relapsed tumors. On the one hand, levels of antigen surface expression and abilities to induce IFN-γ or target cell killing by TCR T cells ex vivo did not differ between relapsed and progressed tumors. On the other hand, promoter methylation was similar for both types of tumors and AZA, a demethylating drug, was not able to further upregulate antigen expression ex vivo. Although other studies have demonstrated that methylation of the antigen gene promoter results in progression of antigen-negative tumor variants, 18 our data are in line with studies in which either skin, lung or ovarium tumors were induced and progressed despite continued antigen expression. [11] [12] [13] In addition, relapsed tumors resisted a second treatment with TCR T cells, which again did not result in loss of antigen. To complement the above studies, and allow tracing of antigen-negative tumor cells, we treated tumors derived from B16:A2-YLEP cell lines. These studies demonstrated that antigen-negative tumors escaped from treatment with TCR T cells and were derived from rare, yet pre-existing antigen-negative tumor cells. In fact, extended quantitative PCRs showed that frequencies of antigen-negative tumor cell variants present in B16:A2-YLEP tumor cell lines are between 1 in 50,000 and 500,000 cells. T cell selection as a driving force to determine the antigen profile of tumors, although not a novel concept in itself, 19 may have been underappreciated when assessing the
Figure 8 Relapsed tumors after T cell receptor (TCR) T cell treatment: a model for antigen expression and immune evasion. Treatment of established tumors with TCR T cells can result in rapid tumor regression.
Tumor regression may be durable in a small proportion of mice and is associated with the formation of memory T cells, but in most mice tumors will relapse. Antigen-positive tumor cells (black cells) show continued antigen expression, with no changes in gene sequence, promoter methylation or functional expression. Antigen-negative tumor cells (white cells) are present in tumors prior to treatment, and do not arise as a consequence of T cell treatment. Instead, the relative quantity of antigen-negative tumor cells is determined by the strength of the T cell response against antigen-positive tumor cells. Relapsed tumors, despite expression of antigen, are not cured by a second T cell treatment in vivo. These tumors develop a milieu that is different from regressed tumors and which evades recruitment of effector CD8 T cells and monocytes, which is potentially due to downregulated expression of chemoattractants and adhesion molecules.
genetic status of antigens from heterogeneous tumors or tumor cell lines. In fact, "antigen-loss" or "tumor escape" variants may even be misleading terms, and we would prefer to use the term "antigen-negative" variants unless evidence is provided for active tumor-editing.
There is compelling evidence that tumor escape is initiated by the interaction between CD8 T cells and highly immunogenic antigens, potentially resulting in growth of pre-existing tumor variants that are antigen negative or the occurrence of tumor variants that epigenetically silence an MHC class I allele. 20, 21 Our observations extend these findings and postulate that in a T cell therapy setting, loss of immunogenicity does not need to be a driving mechanism in tumor escape and may represent a rare event. 22 It is noteworthy that in tumor-bearing HLA-A2 tg mice that experienced an effective in vivo treatment with TCR T cells, we were unable to detect T cell responses to B16 antigens other than gp100/ A2 nor demonstrate involvement of antigen cross-presentation (Supplementary Figure S7) . Although upon an initial immune response, antigen spreading and cross-presentation have both been implicated to broaden the response to tumor antigens, [23] [24] [25] [26] these results imply that, at least in this model, T cell specificities toward new and additional antigens do not explain tumor cure. Observations from our tumor models are compatible with tumorinduced suppression, an aspect that has recently been added to the cancer immunoediting hypothesis. 27 First, progression of antigenpositive tumors was found in a curative rather than preventive setting. Second, regressed tumors showed upregulated expression of MHC class I antigen, but induced downregulated production of T cell IFN-γ when compared with progressed tumors. An ongoing T cell response is likely to be responsible for increased MHC class I expression by tumor cells. In regressed tumors, we detected enhanced numbers of TCR T cells, and enhanced expression of genes that correspond to of CD8, IFN-γ-positive T cells, and IFNγ-downstream molecules, such as MHC class I (data not shown). However, at the same time, CD8 T cell-derived IFN-γ may ensue negative feedback mechanisms, such as upregulated expression of PD-L1 and IDO and enhanced presence of regulatory T cells in the tumor environment, 28 and be responsible for impairment of T cell function. Finally, when retransplanting short-term cultures of relapsed B16 cells, therapy-resistant tumors changed into therapy-sensitive tumors. This latter observation suggests that cues from the micro-environment of established tumors contribute to the occurrence of therapy resistance. Landsberg and colleagues demonstrated in a gene-engineered model of melanoma that a tumor cell resistant phenotype may be directed by tumor necrosis factor-α, derived from the inflammatory milieu, which may lead to decreased expression of melanoma antigens. 29 We were not able to confirm changed levels of tumor necrosis factor-α in relapsed B16 tumors.
To explore, in a nonbiased manner, by which mechanism the tumor milieu contributes to tumor progression, we performed genome-wide expression arrays. Remarkably, the expression of markers of CD8 T cells and monocytes, but not those of other immune cells, was markedly decreased in relapsed versus regressed tumors. These findings were substantiated by a lowered frequency of pMHC-binding TILs and a lowered ability of TILs to recognize antigen-positive tumor cells in relapsed tumors.
Clinical studies have already demonstrated the unfavorable prognostic value of a limited CD8 T cell infiltration in melanoma, colorectal and ovarium carcinomas. [30] [31] [32] Poor patient prognosis has also been reported to correlate with high numbers of macrophages with a tumor-promoting, but not those with a tumorinhibiting phenotype. 33 Findings here suggest that a deceased infiltration of CD8 T cells and monocytes is related to tumor relapse following T cell therapy. Notably, relapsed tumors demonstrated a decreased mRNA expression of chemoattractants that contribute to recruitment of CD8 T cells, such as CCL5, CXCL9 and CXCL10, 34 and monocytes, such as CCL2. 33 Interestingly, Hong et al. 35 have demonstrated that the chemotherapeutic drugs dacarbazine, temozolomide, and cisplatin enhanced the expression of T-cell-attracting chemoattractants in patient melanoma, which in turn correlated with improved tumor control. The expression of vascular ligands for selectins, expected to contribute to the tethering of T cells and monocytes to endothelium, was not differentially regulated at the mRNA level in relapsed tumors. Since the activity of these ligands is primarily regulated via glycosylation, 36 further research is needed to clarify the involvement of these molecules in relapsed tumors. The expression of integrin ligands, such as ICAM1, expected to contribute to the adhesion of T cells to endothelium, was downregulated at the mRNA level in relapsed tumors. Furthermore, the expression of certain galectins, annexins, and tetraspanins, with reported contributions to leukocyte trafficking and tumor development, 37, 38 was dramatically down-regulated in relapsed tumors. Currently, the exact role of the above-mentioned molecular interactions in the decreased infiltration of immune effector cells in relapsed tumors is part of our ongoing research.
Since the level of immunogenicity of the target antigen may determine the outcome of our results, we have repeated part of our experiments using an endogenously expressed target antigen. Targeting mouse TRP2 resulted in a less stringent T cell response, yet did show that tumor relapse again occurred with continued expression of antigen and decrease of CD8 T cell numbers. Collectively, our results propose a model for target antigen expression and immune evasion in tumor relapse after TCR T cell treatment, illustrated in Figure 8 . According to this model, tumor relapse does not depend on loss of immunogenicity, but rather on the strength of initial T cell selection. Relapsed tumors, despite continued expression of antigen, are not cured by a second T cell treatment in vivo. Instead, these tumors develop a milieu that evades recruitment of effector CD8 T cells and monocytes. TCR gene therapy qualifies as a valid primary therapy to target relapsed tumors, but may benefit from supportive treatments. Three lines of examples are given below. First, supportive therapy may include the targeting of multiple tumor antigens. 39, 40 For future trials, preferred target antigens are those that contribute to the process of oncogenesis, such as driver neoantigens or selected cancer testis antigens. 41, 42 Second, supportive therapy may include the targeting of molecules or cells that are involved in T cell extravasation and T cell migration into tumor tissues. In addition to chemoattractants and adhesion molecules, targeting may include endothelial cells, fibroblasts or regulatory T cells that can impose barriers and refrain T cells to enter and deeply penetrate into tumor tissues. [43] [44] [45] Third, supportive therapy may include strategies to improve T cell fitness, such as those that enhance T cell costimulation and/or the use of less-differentiated T cells (reviewed in ref. 3) . In example, antibodies that block T cell coinhibitory molecules, such as CTLA4 or PD1 showed clear clinical successes in the treatment of patients with advanced melanoma and other tumors. 46, 47 Also, T cells that have been stimulated via CD28 and/or gene-engineered with chimeric antigen receptors that contain costimulatory molecules prior to T cell administration also resulted in significant responses in patients with B cell leukemia as well as advanced melanoma. 48, 49 Furthermore, it has become evident that true stem cells are contained within the CD62L central memory T cell pool and these cells may provide powerful therapeutic potential. 50, 51 The current manuscript further builds on the concept of targeting the tumor milieu and provides a rationale to develop of strategies to re-establish ligand-receptor interactions and enhance recruitment of immune effector cells into tumors.
MATERIALS AND METHODS
See Supplementary Text for cell culture; mice; construction, retroviral transduction, and validation of TCR and tumor antigen; measurements of tumor growth, number of T cells, and T cell memory formation; tumor prevention model; assessment of promoter methylation; cytotoxicity assays; and measurement of T cell responses to antigens other than gp100/A2. Adoptive T cell therapy. At day 0, HLA-A2 tg mice were injected subcutaneously (s.c.) with 0.5 × 10 6 B16:A2-YLEP cells (from a clone or in some cases from a cell line) and at day 10 and 11 mice received a total of two or four Bu (Duchefa Farma, Haarlem, The Netherlands) injections intraperitoneally (i.p.) (16.5 μg/kg ea.), followed a day later by a single Cy 
Molecular characterization and functional expression of target antigen.
Tumors were isolated, cut into small pieces, and digested in phosphate-buffered saline containing collagenase (1 mg/ml) (Sigma-Aldrich) at 37 °C for 45 minutes. Digestion was stopped by ethylenediaminetetraacetic acid and the tumor was disrupted over a cell strainer. Tumor cells were frozen down and stored for analyses of A2-YLEP transgene DNA and mRNA. Part of the freshly isolated tumor cells were cultured for 4-7 days (using B16 culture medium, see Supplementary Text) and tested for A2-YLEP surface expression and ability to induce T cell responses. DNA and mRNA isolation, cDNA synthesis and quantitative PCRs were performed as described previously. Sequences of primers and probes used to quantify levels of antigen and control DNAs are provided in Supplementary Text and Supplementary Figure  S9 . Retrovirally introduced antigens were amplified from tumor DNA using pLXSN-specific primers, and analyzed by gel electrophoresis and sequencing. This allowed design of peptide-specific primers and probes and performance of selective quantitative PCRs (see legend to Supplementary Figure  S9 for details). Cultures of isolated tumor cells were analyzed for antigen expression using either a FITC-labeled anti-HLA-A2 mAb (clone BB7.2, Abcam, Cambridge, UK) (in case of gp100/A2 tumors), an anti-mouse TRP2 mAb (Novus Biologicals, Cambridge, UK) followed by second step PE-labeled anti-rabbit IgG (eBioscience, San Diego, CA), or a PE-labeled anti-H2-K b (clone AF6-88.5, eBioscience) (in case of TRP2/H2-K b tumors) by flow cytometry. Induction of T cell IFN-γ production was measured in supernatants following coincubation of tumor cells with TCR T cells for 20 hours, and analyzed by enzyme-linked immunosorbent assay (U-CyTech Biosciences, Utrecht, The Netherlands). In some studies, tumor cell cultures were exposed to AZA, IFN-γ, or extended periods of culture times (see Supplementary Text for details). Measurements of target cell lysis were performed with similar cultures of tumor cells and using WST-1 or chromium release assays (Supplementary Text).
Detection of presence and activity of TILs. TILs were obtained from single tumor cell suspensions and cultured for 4 days using complete mouse T cell medium (see Supplementary Text) . The presence of TILs was assessed as the total number of CD8 T cells, the number of TCR-positive CD8 T cells (both determined with Flow-Count Fluorospheres), or the fraction of pMHC-binding CD8 T cells by flow cytometry. The functional ability of TILs to eliminate B16 tumor cells was evaluated by microscopy (Leica Microsystems, Rijswijk, The Netherlands: DM-IL, digital camera 300).
mRNA expression of markers for immune cells, chemoattractants, and adhesion molecules.
RNA was extracted from tumors and subjected to genome-wide expression analysis using Illumina expression bead chips (ServiceXS, Leiden, The Netherlands). RNA processing, hybridization onto beads and gene expression analyses are described in Supplementary Text.
Statistical analyses.
Statistical significances were calculated with the Student's t-test, the Sign test for microarray data, and the Mantel-Cox test for survival data using GraphPad Prism5 (GraphPad Software, La Jolla, CA) software. P values < 0.05 were considered significant. Figure S1 . Validation of TCR and antigen gene constructs. Figure S2 . Conditioning with Busulphan and Cyclophosphamide results in effective lymphodepletion in vivo. Figure S3 . Treatment with gp100/A2 TCR T cells prevents or delays tumor growth and results in the generation of antigen-specific memory T cells. Figure S4 . TCR T cells provide a survival advantage in preventive but not curative model. Figure S5 . Cells isolated from relapsed tumors are killed by TCR T cells ex vivo. Figure S6 . Relapsed tumors that progress following a second T cell treatment have not lost expression of antigen. Figure S7 . T cell responses in cured mice are not directed against tumor antigens other than the target antigen. Figure S8 . Frequency and kinetics of tumor relapse are neither affected by presence of antigen-negative tumor cells nor cross-presentation of gp100 antigen. Figure S9 . TCR T cells select for tumors that lack antigen DNA. Figure S10 . Antigen-negative cells in relapsed tumors originate from antigen-negative cells already present in pre-treatment tumors. Figure S11 . Ranking of genes that are most differentially expressed in relapsed tumors. Figure S12 . Validation of TRP2 TCR in vitro and in vivo.
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